Abstract: An unusual temporal behavior of the by-product spectrum, as well as the temperature profiles of a commercial phthalic anhydride reactor, indicated a non-typical change of the incumbent catalyst. In order to understand these observations, catalyst samples were taken from this reactor and analyzed by standard physico-chemical methods. Catalyst samples from another commercial reference reactor with most similar operating conditions and catalyst lifetime were also taken for comparison. The detailed physical analysis did not indicate unusual thermal stress leading to catalyst deactivation by rutilisation or sintering of the titania phase. The chemical analysis did not reveal significant amounts of any of the known catalyst poisons, which would also contribute to an untypical catalyst deactivation/behavior. Quantitative X-ray diffraction measurements on the other hand revealed an unusually high degree of reduction of the vanadium species in the final polishing catalyst layer. Such an abnormal degree of catalyst reduction, and hence, irreversible damaging, was concluded to likely originate from a unit shutdown without sufficient air purging of the catalyst bed. Combustion analysis of the deactivated catalyst confirmed unusually high carbon contents in the finishing catalyst bed (L4) accompanied with a significant loss in the specific surface area by plugging the catalyst pores with high-molecular carbon deposits. According to the well-known Mars-van-Krevelen-mechanism, o-xylene and reaction intermediates remain adsorbed on the catalyst surface in case of a shutdown without air purging and will continue to consume lattice oxygen, accordingly reducing the catalytic species. This systematic investigation of used catalyst samples demonstrated the importance of sufficient air purging during and after a unit shutdown to avoid abnormal, irreversible damage and thus negative impact to catalyst performance.
Introduction
Phthalic anhydride (PA) has been produced commercially since the late 1960s by passing a mixed gas containing o-xylene (oX) and air at elevated temperatures through salt-bath cooled multi-tubular reactors packed with vanadia/titania catalysts, which enable the selective catalytic oxidation of oX to PA [1] . Mixtures of oX and naphthalene, as well as pure naphthalene, are also used as feedstocks on a commercial scale. Beside the nature of the feedstock, PA production processes are discriminated by different reactor lengths from 2.5 to 3.7 m, different tube inner diameters from 21 to 25 mm, different air rates from 2.2 to 4.2 Nm 3 /h/tube, and the o-xylene air mixing ratio from 42 to 100 g/Nm 3 . Obviously, catalyst suppliers have to fine-tune process catalysts to the respective environment of a customer plant to allow maximum performance. With a world production of about 4 million metric tons PA in 2017 [2] , this reaction is not only commercially interesting but also scientifically, as it exhibits a rather complex reaction network (Figure 1 ) that is still not fully understood [3] .
scientifically, as it exhibits a rather complex reaction network (Figure 1 ) that is still not fully understood [3] . Due to high reaction rates, such vanadia/titania catalysts are nowadays produced as so-called egg-shell catalysts, where the catalytically active material is coated as a thin shell on an inert steatite carrier ring. To ensure a homogenous shell thickness for optimum catalyst performance, Clariant PA catalysts are produced by an innovative coating process [4] . Multi-layer catalyst systems ( Figure 2 ) are currently used on commercial scale to cope best with the high exothermicity of the reaction [5] . Different catalyst suppliers have different layer strategies to achieve optimum PA yields and optimum PA quality especially at high feed loadings up to 100 g/Nm 3 . Clariant has developed a specific catalyst layer management during the last few years that makes optimized hot spot control possible [6, 7] . The different layers of the catalyst show significant differences in catalytic activity and selectivity, matching the gas phase composition changing along the reactor. The chemistry of the different catalyst layers in the reactor is hence tailored to their respective tasks by adding promoters like antimony, cesium or phosphorous to the main catalyst components vanadia and titania [8, 9] . Due to high reaction rates, such vanadia/titania catalysts are nowadays produced as so-called egg-shell catalysts, where the catalytically active material is coated as a thin shell on an inert steatite carrier ring. To ensure a homogenous shell thickness for optimum catalyst performance, Clariant PA catalysts are produced by an innovative coating process [4] . Multi-layer catalyst systems ( Figure 2 ) are currently used on commercial scale to cope best with the high exothermicity of the reaction [5] .
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Modern, commercial PA oX feed catalysts [8, 9] are four-layer systems ( Figure 2 ) when based on proprietary Clariant knowhow, in which the first layer (L1) has the task to start up the oX partial oxidation heating up the incoming fresh gas to reaction temperature as fast as possible. This catalyst Catalysts 2019, 9, 435 3 of 15 layer is highly active, but rather short to avoid undesired over-oxidation and excessive hotspot temperatures, especially during the beginning of the catalyst lifetime. This so called "starter-layer" also assures an early maximum o-xylene conversion guaranteeing long service life. The second layer (L2) is the main and most selective working layer, i.e., 90-95 mol % of the oX feed to the reactor is converted in this catalyst bed. This layer is designed for maximum PA selectivity by optimizing mass as well as heat transport properties within the active mass shell. It has to be adjusted to the respective customer process conditions, i.e., oX concentration in the feed, air rates and reactor dimensions. The third layer catalyst (L3) has a slightly lower selectivity to PA as the second while simultaneously higher activity. This catalyst layer ensures almost complete oX conversion over the entire catalyst lifetime compensating for the normal ageing of the first layers, which always occurs with time on stream. The last layer (L4), close to the reactor exit, is designed for optimum PA product quality; hence its task is to selectively convert all remaining under-oxidation by-products as completely as possible to PA and to combust all high boiling impurities as well as over-oxidation by-products to CO x .
It has to mentioned here that PA process catalysts need a certain time on stream before they reach their maximum performance. Prior to the start-up of a commercial reactor, the loaded catalyst is calcined in-situ to combust the organic binder in the active mass. In addition, catalyst precursors, like vanadia, start to form the active species on the anatase support. The initial start-up of the reactor after in-situ calcination usually takes about 3 days and the catalytically active species further develop resulting in a well-established hotspot in the upper catalyst layer L2 (Figure 2 ). Subsequently, the ramp-up phase to the design o-xylene load starts, which can take up to three months depending on the plant operation conditions. The ramp-up is followed by the so-called break-in period taking another 3 months during which the optimum selectivity develops leading to minimum by-product formation. The above described ramp-up and break-in phases are already accompanied by beginning, very slow deactivation processes especially taking place in the hotspot zone [10] .
Afterwards, stable operation is achieved for a service life of up to 5 years, again depending on the plant conditions. The very slow catalyst deactivation with time on stream is typically compensated by an accordingly slow increase of the reactor coolant temperature of about 2-5 • C per year [11] .
The reactor off-gas needs to be regularly sampled and analyzed for monitoring the reactor performance and accordingly adjusting the reactor coolant temperature. On an industrial scale, the analysis is often limited to the main over-oxidation by-products CO x , maleic anhydride, citraconic anhydride, and benzoic acid as well as to the most important under-oxidation intermediate phthalide, and unconverted o-xylene. For practical relevance, the mass-based PA yield is calculated by using a simplified, empirical correlation:
PA yield = 139.52 wt %− 800 Such a modern, commercial catalyst system reaches molecular selectivity up to 83-84 mol % PA at essentially full oX conversions, corresponding to 115-117 wt % mass-based PA yield, with lifetimes of 3-5 years on stream depending on the economic strategy of the plant management [5] .
Due to the technical importance of these types of vanadia/titania catalysts, there is a wealth of literature available on their chemistries, molecular structures and catalyst deactivation mechanisms.
In brief, PA catalysts are often seen as being monolayer-type catalysts [12] , although their vanadia loading is often above the theoretical monolayer capacity. Accordingly, it is reported that such catalysts hardly contain any crystalline V 2 O 5 [13, 14] . However, often minute amounts of crystalline V 2 O 5 can be detected by X-ray diffraction (XRD) due to the fact that the vanadia loadings are above monolayer capacity.
After calcination, activation and formation, the high V 2 O 5 loadings form an amorphous overlayer of polymeric vanadates being one to a few atomic layers thick on top of the TiO 2 anatase phase [15] . Furthermore, it is known that V 5+ species being in direct contact with the TiO 2 support are reduced to V 4+ ions which are being incorporated into the TiO 2 surface [13] . Catalytic tests after removing the polymeric V 5+ species but keeping the V 4+ surface species intact revealed inferior catalytic performance. Hence, the polymeric V 5+ species covering the reduced vanadia surface on the TiO 2 support seem to be related to high catalytic activity and selectivity. Moreover, it is also known that free uncovered TiO 2 surface with its acidic OH groups lead to o-xylene cracking and subsequent total oxidation of the cracking products [13] . Many studies concerning permanent or reversible catalyst deactivation have been also published [10, 11, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Different deactivation phenomena are described in detail:
• While there are many studies available in the literature investigating different root causes for deactivation, most of them deal with model catalyst compositions being very different from modern, commercially proven, multi-layer catalyst systems after typical run times of 3-5 years. For this reason, we have made it to our task to investigate catalyst deactivation on a commercial scale. In this manuscript, we will report about the deactivation of a high-load oX feed PA catalyst installed in a commercial PA reactor (design air rate 4.0 Nm 3 /h/tube, design oX load 95 g/Nm 3 ) and we will compare the observed analytical data with another commercial reference high-load oX feed catalyst which had not shown any unusual behavior during its service life.
Results

Development of Process Parameters, Reactor Performance and Catalyst Bed Temperatures
The commercial PA reactor was started up and ramped up to design conditions without any issues. Figure 3a -d displays the most relevant operation conditions and reveals that the coolant temperature had to be slowly decreased while increasing accordingly the o-xylene load. There were no drastic changes in the air rate, and hence all parameters indicated a smooth, standard ramp-up. Unsurprisingly, the catalyst revealed the expected high and stable performance in terms of low by-product formation and high PA yields within the first months, despite several plant shutdowns (Figure 3b-d) . However, the under-oxidation level unexpectedly rose after about 252 days time-on-stream (TOS) despite counteracting by increasing the coolant temperature (Figure 3b ). At the same time, the over-oxidation by-product formation and the phthalic anhydride yields remained stable (Figure 3c,d ). This observation already hints at a rather unusual phenomenon occurring during operation. To follow the temperature development across the entire PA reactor, 15 single point thermocouples (Ø 1 mm) distributed over several reactor tubes and vertical bed positions were installed during catalyst loading (Section 4.1.). A detailed analysis of all available temperature readings in the catalyst bed was performed to determine potential root causes for this unusual, very fast increase of the under-oxidation by-products.
As indicated by the thermocouples, the hotspot temperature declined unusually fast after about 90 d TOS despite the load increase ( Figure 4a ). When restarting the unit after about 117 d TOS, the hotspot temperature slightly rose as expected (Figure 4a ) due to the well-known temporary reactivation of the catalyst after a proper unit shutdown. However, it is important to note that the L2 bed temperatures remained at the unusually low level after the restart, and the hotspot stayed in L3 despite increasing the coolant temperatures ( Figure 4a ). When comparing the temperature profile evolution of this PA reactor with that of a reference reactor (compare Figure 4a ,b), the above described, fast decline of the hotspot temperatures in L2 is very unusual as it was not observed in the reference and is normally not observed in other PA plants as well. Hence, it is reasonable to conclude that the unusual behavior of this PA reactor indicates potential catalyst damaging e.g., by poisoning or unusual thermal stress. In order to investigate this assumption, used catalyst from several tubes To follow the temperature development across the entire PA reactor, 15 single point thermocouples (Ø 1 mm) distributed over several reactor tubes and vertical bed positions were installed during catalyst loading (Section 4.1). A detailed analysis of all available temperature readings in the catalyst bed was performed to determine potential root causes for this unusual, very fast increase of the under-oxidation by-products.
As indicated by the thermocouples, the hotspot temperature declined unusually fast after about 90 d TOS despite the load increase ( Figure 4a ). When restarting the unit after about 117 d TOS, the hotspot temperature slightly rose as expected (Figure 4a ) due to the well-known temporary reactivation of the catalyst after a proper unit shutdown. However, it is important to note that the L2 bed temperatures remained at the unusually low level after the restart, and the hotspot stayed in L3 despite increasing the coolant temperatures ( Figure 4a ). When comparing the temperature profile evolution of this PA reactor with that of a reference reactor (compare Figure 4a ,b), the above described, fast decline of the hotspot temperatures in L2 is very unusual as it was not observed in the reference and is normally not observed in other PA plants as well. Hence, it is reasonable to conclude that the unusual behavior of this PA reactor indicates potential catalyst damaging e.g., by poisoning or 
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A detailed bulk phase analysis by X-ray diffraction (XRD, see Section 4.2.) measurements revealed several crystalline phases. Unknown phases/peaks were not detected. Rietveld refinements 
Analysis of Used Catalyst Samples
Crystalline Phase Composition
A detailed bulk phase analysis by X-ray diffraction (XRD, see Section 4.2) measurements revealed several crystalline phases. Unknown phases/peaks were not detected. Rietveld refinements were calculated to quantify these detected crystalline phases. Figure 5 shows exemplarily the diffractogram together with its Rietveld refinement of a sample of the L4 catalyst.
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were calculated to quantify these detected crystalline phases. Figure 5 shows exemplarily the diffractogram together with its Rietveld refinement of a sample of the L4 catalyst. In summary, the main crystalline bulk phase was titania (TiO2) in its anatase modification as expected. A minor phase transition of anatase to the thermodynamically more stable, but catalytically inactive rutile was detected in almost all layers with the exception of L4 (Figure 6a) . Especially, the samples of the upper L2 catalyst bed, where the hotspot is typically positioned, revealed the highest degree of rutile formation due to the highest thermal stress there as expected. No, or only a minor degree of, rutilisation is observed in PA catalysts after their service lives as typically confirmed by the analysis of used catalyst samples from other commercial reference plants. Comparing the detected minor rutilisation here with the commercial reference (Figure 6a ), the rutile levels of only up to about 4 wt.% in L2 are within the expected range and hence will not lead to the observed unusual catalyst deactivation. Most of the crystalline vanadium pentoxide (Figure 6b ) and all the crystalline antimony trioxide (Sb2O3) have disappeared during operation due to their expected spreading over the anatase surface leading to the catalytically active species. Only a very minor solidstate reaction was observed forming crystalline antimony vanadate (Figure 6c ) in-situ during operation. A very small amount of volatile V species was obviously formed as well (compare Section 2.2.3.) leading to a certain, minor loss in the vanadium content. As can be seen from the comparison with the commercial reference (Figure 6b,c) , the formation of crystalline antimony vanadate and the change of the crystalline vanadium pentoxide in the upper layers (L1 to L3) are also within the expected ranges.
However, it is important to note that the detected change of the crystalline vanadium pentoxide in the lowest layer L4 is significantly enhanced as compared to the commercial reference (Figure 6b ). High amounts of reduced vanadium oxides (V6O13) as well as traces of an antimony oxide spinel phase (Sb2O4) were detected as well (Figure 7a, Figure 6d ). Comparing to used catalyst samples of the commercial reference reactor (Figure 6d) , the detected traces of the antimony spinel are on the regular level and hence will not contribute to unusual catalyst deactivation. However, the significantly increased contents of reduced vanadium oxides (Figure 7a ) clearly indicate an abnormal degree of reduction of the catalytically active species and as consequence an irreversible damaging of the catalyst. In addition, the above-mentioned enhanced loss of crystalline vanadium pentoxide from the L4 catalyst obviously originated from an increased catalyst reduction. Such an abnormal catalyst reduction, and hence, irreversible damaging could arise from a unit shutdown without sufficient purging of the catalyst bed with air. According to the well-known Mars-van-Krevelen- In summary, the main crystalline bulk phase was titania (TiO 2 ) in its anatase modification as expected. A minor phase transition of anatase to the thermodynamically more stable, but catalytically inactive rutile was detected in almost all layers with the exception of L4 (Figure 6a) . Especially, the samples of the upper L2 catalyst bed, where the hotspot is typically positioned, revealed the highest degree of rutile formation due to the highest thermal stress there as expected. No, or only a minor degree of, rutilisation is observed in PA catalysts after their service lives as typically confirmed by the analysis of used catalyst samples from other commercial reference plants. Comparing the detected minor rutilisation here with the commercial reference (Figure 6a) , the rutile levels of only up to about 4 wt % in L2 are within the expected range and hence will not lead to the observed unusual catalyst deactivation. Most of the crystalline vanadium pentoxide (Figure 6b ) and all the crystalline antimony trioxide (Sb 2 O 3 ) have disappeared during operation due to their expected spreading over the anatase surface leading to the catalytically active species. Only a very minor solid-state reaction was observed forming crystalline antimony vanadate (Figure 6c ) in-situ during operation. A very small amount of volatile V species was obviously formed as well (compare Section 2.2.3) leading to a certain, minor loss in the vanadium content. As can be seen from the comparison with the commercial reference (Figure 6b,c) , the formation of crystalline antimony vanadate and the change of the crystalline vanadium pentoxide in the upper layers (L1 to L3) are also within the expected ranges.
However, it is important to note that the detected change of the crystalline vanadium pentoxide in the lowest layer L4 is significantly enhanced as compared to the commercial reference (Figure 6b ). High amounts of reduced vanadium oxides (V 6 O 13 ) as well as traces of an antimony oxide spinel phase (Sb 2 O 4 ) were detected as well (Figures 6d and 7a ). Comparing to used catalyst samples of the commercial reference reactor (Figure 6d) , the detected traces of the antimony spinel are on the regular level and hence will not contribute to unusual catalyst deactivation. However, the significantly increased contents of reduced vanadium oxides (Figure 7a ) clearly indicate an abnormal degree of reduction of the catalytically active species and as consequence an irreversible damaging of the catalyst. In addition, the above-mentioned enhanced loss of crystalline vanadium pentoxide from the L4 catalyst obviously originated from an increased catalyst reduction. Such an abnormal catalyst reduction, and hence, irreversible damaging could arise from a unit shutdown without sufficient purging of the catalyst bed with air. According to the well-known Mars-van-Krevelen-mechanism, o-xylene and reaction intermediates remain adsorbed on the catalyst surface and are oxidized by lattice oxygen, accordingly reducing the catalytic species [30] . Due to insufficient purging with air, the oxygen content in the gas phase is reduced to unusual levels and the catalyst lattice as well as surface are not sufficiently re-oxidized. Finally, catalytically inactive, reduced phases e.g., like V 6 O 13 are increasingly formed. In addition, potassium-sodium-vanadium bronze (K x Na y V 6 O 15 ) also containing reduced V species was detected in all samples (Figure 7b ). This phase indicates, in addition, a certain sodium/potassium contamination of the active mass. Comparing to the commercial reference (Figure 7b ), the content of the crystalline potassium-sodium-vanadium bronze is within the expected range and hence does not indicate an unusual catalyst poisoning by sodium and potassium (see Section 2.2.3).
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Specific Surface Area
The specific surface area of each layer of the used catalyst samples were measured by nitrogen adsorption (see Section 4.2.). As depicted in Figure 8 , an unusual loss of the specific surface area was not detected for the upper catalyst layers (L1 to L3). Compared to used catalyst samples from the commercial reference, a total loss of up to 7% is expected, especially for the upper L2 in the region of the typical hotspot position. A loss in the surface area can arise from deposits plugging catalyst pores and/or sintering of titania. As shown in detail below (compare Section 2.2.3.), an unusually high level of carbon was detected in L4. Hence, the observed loss in the specific surface area here is mainly due to plugging the catalyst pores by high-molecular carbon deposits reducing the catalyst activity. 
Chemical Composition
The analysis of the chemical bulk composition of the samples was done by atomic absorption spectroscopy and combustion analysis (see Section 4.2.). The contents of the catalyst compounds antimony and cesium do not show unexpected deviations between the used catalyst samples and the unused, fresh catalysts. The plots of the other catalyst compounds vanadium (calculated as V2O5, Figure 9a ) and phosphorous (P, Figure 9b ) reveal some certain loss along the catalyst bed. It is known from literature that vanadium oxide [31] as well as phosphorous [32] can form volatile species under 
Specific Surface Area
The specific surface area of each layer of the used catalyst samples were measured by nitrogen adsorption (see Section 4.2). As depicted in Figure 8 , an unusual loss of the specific surface area was not detected for the upper catalyst layers (L1 to L3). Compared to used catalyst samples from the commercial reference, a total loss of up to 7% is expected, especially for the upper L2 in the region of the typical hotspot position. A loss in the surface area can arise from deposits plugging catalyst pores and/or sintering of titania. As shown in detail below (compare Section 2.2.3), an unusually high level of carbon was detected in L4. Hence, the observed loss in the specific surface area here is mainly due to plugging the catalyst pores by high-molecular carbon deposits reducing the catalyst activity. 
Chemical Composition
The analysis of the chemical bulk composition of the samples was done by atomic absorption spectroscopy and combustion analysis (see Section 4.2). The contents of the catalyst compounds antimony and cesium do not show unexpected deviations between the used catalyst samples and the unused, fresh catalysts. The plots of the other catalyst compounds vanadium (calculated as V 2 O 5 , Figure 9a ) and phosphorous (P, Figure 9b ) reveal some certain loss along the catalyst bed. It is known from literature that vanadium oxide [31] as well as phosphorous [32] can form volatile species under reaction conditions. Losing about 20% vanadium (calculated as V 2 O 5 ) and about 70% phosphorous is within the expected range for a catalyst of about 2.3 years lifetime as confirmed by analysis results of used catalyst samples from the other commercial reference (Figure 9a,b) , and hence do not contribute to the unusual catalyst deactivation. The amount of iron (Fe) detected on the catalyst is also within the expected range, as shown by analysis results of the reference used catalyst samples (Figure 9c ). Iron typically arises from rust from the up-stream section which is blown into the catalyst bed by process air. Significant amounts of iron, e.g., rust, will increase the total oxidation to CO/CO 2 limiting phthalic anhydride yields. As shown in Figure 9d , the detected amounts of sodium (Na) and potassium (K), known catalyst poisons damping the catalyst activity, are in a normal range for all catalyst samples and hence do not contribute to unusual catalyst deactivation. Sodium and potassium poisons in the respective concentration ratios of the salt bath coolant (NaNO 2 + KNO 3 ) are likely caused by micro-cracks in the reactor tubes and/or tube sheets contaminating the catalyst. Additionally, sodium contaminations are caused by salt-water aerosols (NaCl) blown into the catalyst bed by the air blower.
Catalysts 2019, 9, x FOR PEER REVIEW 10 of 15 reaction conditions. Losing about 20% vanadium (calculated as V2O5) and about 70% phosphorous is within the expected range for a catalyst of about 2.3 years lifetime as confirmed by analysis results of used catalyst samples from the other commercial reference (Figure 9a,b) , and hence do not contribute to the unusual catalyst deactivation. The amount of iron (Fe) detected on the catalyst is also within the expected range, as shown by analysis results of the reference used catalyst samples (Figure 9c ). Iron typically arises from rust from the up-stream section which is blown into the catalyst bed by process air. Significant amounts of iron, e.g., rust, will increase the total oxidation to CO/CO2 limiting phthalic anhydride yields. As shown in Figure 9d , the detected amounts of sodium (Na) and potassium (K), known catalyst poisons damping the catalyst activity, are in a normal range for all catalyst samples and hence do not contribute to unusual catalyst deactivation. Sodium and potassium poisons in the respective concentration ratios of the salt bath coolant (NaNO2 + KNO3) are likely caused by micro-cracks in the reactor tubes and/or tube sheets contaminating the catalyst. Additionally, sodium contaminations are caused by salt-water aerosols (NaCl) blown into the catalyst bed by the air blower. The carbon contents of the upper three catalyst layers are within the expected range and confirmed by the reference (Figure 10 ). Due to the well-known enhanced adsorption of molecular reaction intermediates in the initial section of the catalyst bed (L1), the carbon content is typically increased here but it does not reduce the specific surface area or block pores (compare Section 4.2.). The carbon contents of the upper three catalyst layers are within the expected range and confirmed by the reference (Figure 10 ). Due to the well-known enhanced adsorption of molecular reaction intermediates in the initial section of the catalyst bed (L1), the carbon content is typically increased here but it does not reduce the specific surface area or block pores (compare Section 4.2). Hence, it does not lead to the unusual catalyst deactivation. However, the carbon contents in the polishing L4 catalyst bed are unusually high and occur together with the simultaneous reduction of the specific surface area. This, hence, does result in catalyst activity reduction (compare Section 4.2). This loss of specific surface area of L4 is obviously caused by plugging the catalyst pores with high-molecular carbon deposits.
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Hence, it does not lead to the unusual catalyst deactivation. However, the carbon contents in the polishing L4 catalyst bed are unusually high and occur together with the simultaneous reduction of the specific surface area. This, hence, does result in catalyst activity reduction (compare Section 4.2.). This loss of specific surface area of L4 is obviously caused by plugging the catalyst pores with highmolecular carbon deposits. 
Discussion
All used catalyst samples of the investigated reactor were analyzed by standard physicochemical methods and compared to another commercial reference reactor with most similar operating conditions and catalyst lifetime not showing this unusual deactivation behavior. The detailed physical analysis does not give indications for unusual thermal stress or insufficient saltbath cooling which would cause an unusual catalyst deactivation by rutilisation or sintering of the titania phase. In addition, chemical analysis of the used catalyst samples did not reveal significant amounts of any of the known catalyst poisons sodium, potassium or iron, which would also contribute to an untypical catalyst deactivation/behavior. Quantitative Rietveld refinements of X-ray diffraction measurements indicate however an unusually high degree of reduction of the vanadium species in most of the catalyst bed, which would result in irreversible catalyst deactivation. Such an abnormal degree of catalyst reduction, and hence, irreversible damaging, was concluded to likely originate from a unit shutdown without sufficient purging of the catalyst bed by air. According to the well-known Mars-van-Krevelen-mechanism, o-xylene and reaction intermediates remain adsorbed on the catalyst surface in such a case and will be oxidized by lattice oxygen, accordingly reducing the catalytic species. Due to insufficient purging by air, the oxygen content in the process air depletes to unusual levels due to its continuing consumption. The crystal lattice as well as catalyst surface are not sufficiently re-oxidized under such circumstances. Finally, catalytically inactive, reduced phases like V6O13 are enhanced formed. Combustion analysis of the deactivated catalyst revealed too unusually high carbon contents in the lower catalyst bed (L4) accompanied with a significant loss in the specific surface area and thus catalyst activity. In summary, the loss in surface area is caused by plugging the catalyst pores with high-molecular carbon deposits. Such unusual formation of high-molecular deposits in the lower catalyst bed is caused by the enhanced degree of catalyst reduction, respectively catalyst deactivation in most of the catalyst bed. Hence, it is concluded that the detected unusually fast decline of the hotspot temperatures as well as the fastincreasing under-oxidation by-products observed in this reactor originated from:
• abnormal, irreversible catalyst deactivation in most of the catalyst bed due to an enhanced degree of catalyst reduction, 
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• abnormal, irreversible catalyst deactivation in most of the catalyst bed due to an enhanced degree of catalyst reduction, • abnormal loss in the specific surface area/catalyst activity of the polishing layer catalyst bed due to enhanced formation of high-molecular carbon deposits plugging pores, • both abnormal catalyst surface processes were induced by an irregular reactor shutdown during which the air purge was insufficient to remove the organic species from the reactor and the catalyst surface.
This systematic investigation of used catalyst samples by Clariant demonstrated the importance of sufficient air purging after disruption of the feed stream to VO x /TiO 2 phthalic anhydride catalyst systems to avoid abnormal, irreversible damage and thus negative impact to catalyst performance.
Materials and Methods
Sampling of Used Catalyst
Several samples of used catalyst were collected in order to investigate potential catalyst damaging (e.g., by poising or unusual thermal stress). Six reactor tubes positioned close to the installed single point thermocouple tubes were discharged by vacuum suction (Figure 11a ). The catalysts of all tubes were fractioned in five parts each related to their relative bed positions (Figure 11b ). • abnormal loss in the specific surface area/catalyst activity of the polishing layer catalyst bed due to enhanced formation of high-molecular carbon deposits plugging pores, • both abnormal catalyst surface processes were induced by an irregular reactor shutdown during which the air purge was insufficient to remove the organic species from the reactor and the catalyst surface. This systematic investigation of used catalyst samples by Clariant demonstrated the importance of sufficient air purging after disruption of the feed stream to VOx/TiO2 phthalic anhydride catalyst systems to avoid abnormal, irreversible damage and thus negative impact to catalyst performance.
Materials and Methods
Sampling of Used Catalyst
Several samples of used catalyst were collected in order to investigate potential catalyst damaging (e.g., by poising or unusual thermal stress). Six reactor tubes positioned close to the installed single point thermocouple tubes were discharged by vacuum suction (Figure 11a ). The catalysts of all tubes were fractioned in five parts each related to their relative bed positions ( Figure  11b ).
(a) (b) Figure 11 . (a) Tube sheet location of the sampled tubes (T1-T6) neighboring the thermocouple tubes (S1-S15); (b) scheme of the five different samples taken along the catalyst bed.
As described in detail in the section below (Section 4.2.), the sieved active mass powder (without steatite carrier rings) of all used catalyst samples were analyzed at Clariant´s R&D site Heufeld/Germany with regards to
• crystalline bulk phase compositions by X-ray diffraction measurements combined with Rietveld refinements, • specific surface area measurements by nitrogen adsorption, • chemical bulk contents of V, Sb, P, Na, K and Fe by atomic absorption spectroscopy, • chemical bulk contents of C by combustion analysis. It has to be kept in mind when evaluating the analytical data that a certain error will occur in the measured values because of an enhanced intermixing/cross-contamination of the active masses of the different layers when discharging the tubes by vacuum suction. Figure 11 . (a) Tube sheet location of the sampled tubes (T1-T6) neighboring the thermocouple tubes (S1-S15); (b) scheme of the five different samples taken along the catalyst bed.
Physico-Chemical Analysis of Used Catalyst
As described in detail in the section below (Section 4.2), the sieved active mass powder (without steatite carrier rings) of all used catalyst samples were analyzed at Clariant´s R&D site Heufeld/Germany with regards to
• crystalline bulk phase compositions by X-ray diffraction measurements combined with Rietveld refinements, • specific surface area measurements by nitrogen adsorption, • chemical bulk contents of V, Sb, P, Na, K and Fe by atomic absorption spectroscopy, • chemical bulk contents of C by combustion analysis.
It has to be kept in mind when evaluating the analytical data that a certain error will occur in the measured values because of an enhanced intermixing/cross-contamination of the active masses of the different layers when discharging the tubes by vacuum suction.
For X-ray diffraction analysis, samples were pressed into disks and mounted onto the sampling stage of a diffractometer (D4 Endavour, BRUKER) equipped with an energy-dispersive one-dimensional detector (Lynxeye, BRUKER). Diffractograms were recorded in Bragg-Brentano geometry with Cu Kα radiation in the 2Θ range of 5 • to 90 • . The incoming as well as the diffracted beams were directed through 0.3 • fixed divergence slits. Rietveld refinements were calculated with the DIFFRAC plus TOPAS software (version 4.2, BRUKER Corp., Billerica, MA, USA) using crystal data files (CIF type) from the Pearson´s crystal database (release October 2009, CRYSTAL IMPACT, Bonn, Germany).
The specific surface areas were measured using nitrogen adsorption (Gemini, MICROMERITICS GmbH, 85716 Unterschleißheim, Germany). Five points in the linear range of the adsorption isotherm (p/p 0 = 0.10-0.30) measured at 77 K were used to calculate the surface area according to the BET method. Before adsorption, 0.2 g of the sample was degassed by vacuuming to 0.1 mbar at 350 • C.
For determining the bulk content of V, Sb, P and Cs, 250 mg of each active mass powder sample was dissolved in 2 mL bi-distillated water, 2 mL hydrofluoric acid (40% pA), and 5 mL nitric acid (65% pA). The closed Teflon vessel was then mixed and heated up by a microwave oven (Multiwave Go, PARR Instrument, Moline, IL 61265-1770, USA) within 15 min to 180 • C and held for additional 15 min. After cooling down to room temperature, the clear solution was mixed with 2.5 mL potassium chloride solution (20 wt.-%) and 0.5 mL scandium standard (1000 mg/L). Analyzing the content of Na, K and Fe, 1.0 g of each sample was dissolved in 2 mL bi-distillated water, 5 mL hydrochloric acid (37% pA) and 0.5 mL cesium chloride solution (20 wt %). The closed plastic vessel was then heated up by a heating block to 85 • C and held for 30 min.
For final elemental analysis of V, Sb, P and Cs, an inductively coupled plasma atomic emission spectrometer (ICP-AES) (Spectro Arcos, AMETEK, Newark, DE 19702, USA) was used with a plasma power of 1400 W and a spray gas flow rate of 0.85 L/min. In the case of elemental analysis of Na, K and Fe, an atomic absorption spectrometer (AAS) (iCE 3000, THERMO FISCHER SCIENTIFIC, Waltham, MA 02451, USA) was used.
The total carbon content of the active mass samples was determined by combustion analysis (CS-200, LECO Corp., Saint Joseph, MI 49085, USA). About 200 mg of the fine pestled sample powder was weighted into a ceramic vessel and heated up above 1000 • C. To accelerate the combustion process, iron and tungsten chips were added. The CO 2 evolution of the combustion off-gas was analyzed by an infrared detector and used for recalculating the original carbon content of the sample.
Author Contributions: O.R. conducted all the measurements and data analysis. G.M. as the principal investigator was responsible for the research strategy and the scientific discussions leading to the understanding of the observed phenomenon.
